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O objetivo do trabalho proposto foi desenvolver e validar um método simples e sensível 
para a análise e deteção da atorvastatina (ATV) e respetivos metabolitos presentes no plasma 
humano e no tecido (próstata), utilizando a cromatografia líquida de alta eficiência acoplada 
à espectrometria de massa (HPLC-MS/MS).  
57 amostras de plasma e tecido provenientes de pacientes com cancro de próstata foram 
analisadas, todos eles a realizar tratamento com atorvastatina. A deteção de espectrometria 
de massa foi realizada através de ionização por electrospray (modo positivo), com 
monitoramento de múltiplas reações. Neste ensaio obteve-se um intervalo linear de 
concentrações entre 0,25-250 ng/mL e as curvas de calibração para os analitos foram 
igualmente lineares e aceitáveis (R20.8997). A exactidão (86.2-111.8 %), o efeito da matriz 
(80.6-94.71 %), a taxa de recuperação (74.7-81.8 %) foram outros parâmetros avaliados, 
baseados em guidelines da Agência Europeia do Medicamento (EMA). 
O método validado tem vindo a ser aplicado com sucesso, com o intuito de analisar 
amostras de plasma humano para aplicação em estudos de farmacocinética, 
biodisponibilidade ou bioequivalência. 
Apesar da atorvastatina ter sido detetada na próstata, ainda são necessários estudos 
adicionais para concluir acerca do mecanismo pelo qual o fármaco consegue atravessar o 
tecido e qual o seu impacto e possível benefício em doentes com cancro da próstata. 
 











The aim of the proposed work was to develop and validate a simple and sensitive method 
for the analysis of atorvastatin (ATV) and its metabolites in human plasma and in the tissue 
(prostate) using liquid chromatography-tandem mass spectrometry. 57 samples of plasma and 
tissue from prostate cancer patients, treated with atorvastatin, were analyzed. Mass 
spectrometry detection was carried out in positive electrospray ionization mode, with multiple 
reaction monitoring scan. The assay exhibited a linear dynamic range from 0,25-250 ng/mL 
and the calibration curves for the analytes were linear (R20.8997). The accuracy (86.2-
111.8%), matrix effect (80.6-94.71%), overall recovery (74.7-81.8%) were another parameters 
evaluated based on guidelines of the European Medicines Agency (EMA) and Food and drug 
Administration (FDA). 
The validated method was successfully applied to analyze human plasma samples for 
application in pharmacokinetic, bioavailability or bioequivalence studies. 
Despite ATV was detected in prostate, further studies are still required to conclude the 
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1.1. Prostate Cancer  
 
Cancer is a generic term for a large group of diseases characterized by the growth of 
abnormal cells beyond their normal boundaries that can then invade adjacent parts of the body 
and spread to other organs. It can affect almost any part of the body and has many anatomic 
and molecular subtypes with specific management strategies. Cancer is indeed the second 
leading cause of death globally and accounted for 8.8 million death in 2015 (1).  Prostate 
cancer (PC) remains one of the most common cancers affecting men today. 
The prostate is an exocrine gland of the male reproductive system, and exists directly under 
the bladder, in front of the rectum. It has approximately the size of a walnut. The urethra - a 
tube that goes from the bladder to the end of the penis and carries urine and semen out of the 
body - goes through the prostate (2). 
There are thousands of tiny glands in the prostate - they all produce a fluid that forms part 
of the semen, which also has protective functions. The liquid is produced in the prostate gland, 
while the sperm is kept and produced in the testicles. During ejaculation, the prostate presses 
this fluid into the urethra, and it’s expelled with sperm as semen (2).  
                              
Figure 1- Anatomy of the male reproductive and urinary systems (2) 
PC’s clinical course can be highly variable. Most of them have a slow growth rate, however, 
with a long latency period before manifestation of clinically significant disease (3). 
More than 1.1 million cases of prostate cancer were recorded in 2012, representing around 
8 % of all new cancer cases (3). More than 70% of the cases occurs in men above 65 years 
of age. However, the risk of clinical prostate cancer also rises abruptly after the age of 40 
years (4). The worldwide PC burden is expected to grow to 499 000 new deaths and 1.7 million 
new cases by 2030 simply due to the growth and aging of the global population (5). According 
to the World Cancer Fund International, about 68 per cent of prostate cancer cases occurred 
in more developed countries. The highest incidence of prostate cancer is in Oceania and 
Northern America; and the lowest incidence in Asia and Africa. 
In fact, the introduction of the serum PSA test to routine clinical practice in the mid-1980s 
changed totally the diagnosis of prostate cancer. This screening test can detect and confirm 
the presence of a large proportion of latent tumors of the prostate in men without symptoms, 
which has led to a notable and dramatic rise in the incidence of prostate cancer. Abnormal 
digital rectal examination (DRE) findings and biopsy are also used. The last one establishes 
the diagnosis and the first one is less sensitive: most patients diagnosed with prostate cancer 






                              







1.1.1. Statins and its metabolism and mechanism 
 
Hypercholesterolemia is a risk factor for the development of atherosclerotic disease. Statins 
are currently the most widely used cholesterol-lowering drugs; they were originally discovered 
in the 1970s when Endo and Kuroda identified an inhibitor of the enzyme 3‑hydroxy-3-
methylglutaryl-coenzyme A (HMG-CoA) reductase, the rate-limiting enzyme of the mevalonate 
pathway (Figure 3), which leads to reduced cholesterol biosynthesis in the liver (7). 
Mevastatin. atorvastatin, lovastatin, simvastatin, pravastatin, fluvastatin, rosuvastatin and 
pitavastatin are the members of this class of drugs in current use, since Endo and Kuroda’s 
discovery. Atorvastatin, fluvastatin, pitavastatin and rosuvastatin are synthetic compounds 
while lovastatin is naturally derived (i.e. of fungal origin, like mevastatin). Statins can also be 
classified as hydrophilic (atorvastatin, pravastatin, fluvastatin, rosuvastatin) or lipophilic 
(lovastatin, pitavastatin and simvastatin) (3) (1).  
 
 
                            









1.2. Atorvastatin’s pharmaceutics 
 
Atorvastatin (molecular weight 546 g/mol, pka 4.46), which belongs to the second 
generation of statins, is given orally as the calcium salt of the active hydroxyl acid and not as 
the lactone prodrug (8). The clinical dosage range for atorvastatin is 10-80 mg/day, and it is 
given in the acid form. Atorvastatin acid is highly soluble and permeable, and the drug is 
completely absorbed after oral administration. However, atorvastatin acid has an extensive 
first-pass metabolism in the gut wall as well as in the liver, as oral bioavailability is 14%. The 
volume of distribution of atorvastatin acid is 381 L, and plasma protein binding exceeds 98% 
(9).  
Atorvastatin acid is extensively metabolized in both the gut and the liver by oxidation, 
lactnonisation and glucuronidation, and the metabolites are eliminated by biliary secretion and 





Figure 4- Proposed metabolism pathway of atorvastatin to atorvastatin lactone, ortho-hydroxy-
atorvastatin, para-hydroxy-atorvastatin, ortho-hydroxy-atorvastatin lactone, and para-hydroxy-
atorvastatin lactone (8) 
 
The acid form is a surface-active molecule, since it consists of a lipophilic part and a more 
hydrophilic part. It is believed that the surface activity of a molecule is an important 
physicochemical property, as it will affect its partition into biological membranes and diffusion 
across the membrane (10). In vivo, atorvastatin is converted to its lactone, and these two 
forms appear to have approximately the same area under the plasma concentration-time curve 
(AUC). The acid and lactone forms of drug have log D values (partition coefficient 
octanol/water) at pH 7.4 of 1.53 and 4.2, respectively (11). The difference in physicochemical 
properties between the two forms, i.e. the lactone form is more lipophilic than the acid form, 
has an impact on their pharmacokinetics. The solubility of the sodium salt of atorvastatin is 
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1.23 mg/mL at pH 6.0, which means that solubility in the intestinal lumen will not be a limiting 




Plasma levels of LDL-cholesterol are lowered by inhibition of HMG-CoA reductase, which 
affects endogenous cholesterol synthesis and subsequent increases the expression of the 
LDL receptor. This results in an upregulated catabolic rate for LDL-cholesterol (12). 
In clinical studies with statins an equilibrium level is found 4-6 weeks after the initiation of 
the therapy. The major clinical variable, LDL-cholesterol, has a half-life of 3-4 days, which 
predicts that steady state should be reached between 10 and 14 days (13). The LDL-
cholesterol reduction after 2 weeks of atorvastatin 10 mg once daily reached 90% if the steady-
state of the major marker for pharmacological response might be due to the existence of 
several regulatory feed-back processes (8).In vivo, atorvastatin is metabolized by cytochrome 
P450 (CYP) 3A4 to two active metabolites, 2-hydroxy-atorvastatin acid and 4-hydroxy-
atorvastatin acid, both of which are in equilibrium with their inactive lactone forms. It has also 
been reported that about 70% of the circulating inhibitory activity for HMG-CoA reductase is 
attributable to these active metabolites (figure 4) (14) (8). 
 
1.2.2. Pharmacokinetics 
1.2.2.1. Absorption and Bioavailability 
 
    In general, oral bioavailability of a drug is affected by factors such dissolution rate, stability 
issues in the lumen, transit time, intestinal permeability, and the first-pass effect (8). 
    The net transport (permeability) of a drug across the intestinal barrier (as well as other 
biological membranes) is complex and may involve multiple transport mechanisms. In general, 
permeability in the absorptive direction may occur by passive diffusion such as the 
oligopeptide transporter (MCT), organic anion-transporting polypeptide family (OATPs), 
organic cation transport protein(s) (OCTs) and amino acid transporters (15).  
    After passage across the apical enterocyte membrane, drugs may be metabolized by 
several enzymes. The most abundant CYP isoenzyme in the intestine is CYP3A4 (15).  
    The intestinal permeability of atorvastatin acid is high at the physiologically relevant 
intestinal luminal pH of 6.0-6.5, and predicts complete absorption (8). In the same in vitro 
experiment it was shown that atorvastatin was transported by P-glycoprotein. However, P-
glycoprotein transport appeared to make only a minor contribution to the extent of intestinal 
absorption of atorvastatin. It is possible that the nonlinear increase of plasma AUC seen after 
increasing the oral dose from 10 mg to 80 mg might be due to saturation of P-glycoprotein-
mediated efflux (16). 
The absolute bioavailability (F) of atorvastatin acid, based on specific plasma 
measurements by GC-MS, was 14 % after 10 mg oral dose.(8).  
It is apparent that the hepatic first-pass effect of atorvastatin is too small to fully explain the 
low bioavailability of 14%. It may be a consequence of incomplete intestinal absorption and/or 
extensive gut wall extraction. Based on the nonpolar nature of atorvastatin, its high solubility 
and high in vitro permeability, and that P-glycoprotein-mediated efflux is considered to be of 
minor importance, absorption is expected to be complete (17). 
In clinical studies, the ratio of the plasma AUC for atorvastatin, several metabolites were 
found in plasma and bile. ATV acid probably undergoes complete metabolism, and the major 
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organ for elimination seems to be the liver, even if gut wall metabolism makes a significant 
contribution to the first-pass effect (18).  
The plasma elimination half-life of atorvastatin acid was about 7 hours by use of a specific 
plasma with LC-MS/MS, whereas the plasma half-life of active HMG-CoA reductase inhibitors 
was 13-16 hours (19). The half-life in plasma of total radioactivity has been reported to be 
approximately 60 hours, indicating the presence of long-lived inactive metabolites. The total 
clearance of atorvastatin acid is about 625 mL/min, determined following an intravenous dose 
of 5 mg given as an infusion over 2 hours.  This classifies atorvastatin acid as a drug with an 
intermediate liver extraction (20).  
 
1.2.3. Food-drug interactions  
 
A medium-fat breakfast decreased the rate of intestinal absorption of atorvastatin 
equivalents significantly, but had little impact on the amount that reached the systemic 
circulation (8). The Cmax and plasma AUC values for ATV with food were 48 % and 13 % 
lower, respectively, than without food. The tmax and elimination half-life values were 5.9 and 
32 hours, respectively, with food and 2.6 and 35.7 hours, respectively without food (21). 
 
1.3. Possible mechanisms of statins in Prostate Cancer 
 
Atorvastatin also has other effects that are independent of their cholesterol-lowering ability. 
In particular statins seem to impair the growth and reduce the risk of many malignancies, 
including colorectal, breast and skin cancers (3)(22). 
Statins have also been reported to inhibit the growth of prostate cancer cells. Additionally, 
epidemiological studies reported a reduced risk of advanced prostate cancer in patients who 
were taking statins, so these drugs seem to have promise in the prevention of prostate cancer 
(3). The following mechanisms for this effect have been proposed, on the basis of 
experimental studies.  
 
1.3.1.  Cell cycle and apoptosis 
 
Reduced activation of the small GTPases Ras and Rho is one proposed mechanism for 
growth inhibition (23). Besides cholesterol, the mevalonate pathway results in synthesis of the 
isoprenoid compounds farnesyl pyrophosphate and geranylgeranyl pyrophosphate, levels of 
which are also reduced by statin treatment (3).These isoprenoids, in turn, activate Ras and 
Rho GTPases, which are involved in regulation of the cell cycle and apoptosis.  
Intracellular depletion of cholesterol is in fact a mechanism that is activated in statin-
induced apoptosis, once cholesterol is abundant in intracellular lipid rafts (i.e. cholesterol-rich 
areas of the cell membrane) and lipid rafts regulate the phosphatidylinositol 3 kinase–protein 
kinase B (PI3K–Akt) signaling pathway, which has been implicated in tumor progression in 
many cancers (24). 
 
1.3.2. Anti-inflammatory effects 
 
Statins induce anti-inflammatory effects in numerous tissues. In fact, the effects of statins 
are probably also synergistically increased by cyclo-oxygenase (COX) 2 inhibitors. Many 
studies indicate that COX-2 is overexpressed in human prostate adenocarcinoma with 
consistently high levels observed in lymph node metastasis, suggesting that in the prostate, 
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COX-2 may act early in tumor promotion and progression and potentially a target for drug 
therapy in the management of the disease (22). Earlier studies indicate that atorvastatin and 
celecoxib in combination synergistically inhibited the growth and induced apoptosis in cultured 
prostate cancer cells more effectively than either agent alone. Clinically, however, cardiac 
toxicity is a concern for celecoxib with long-term use increasing the risk of cardiovascular 
events (25) (26). 
The mechanisms by which atorvastatin and aspirin in combination strongly inhibited the 
growth and induced apoptosis in prostate cancer cells are still not clear (3,26).  
 
1.3.3. Steroid sex hormones 
 
Both androgens and estrogens—have important roles in prostate cancer development. 
Statins could change the balance of steroid hormones by two methods: by reducing levels of 
cholesterol, which is a required intermediate in steroid synthesis; or by affecting cytochrome 
P450, an enzyme complex involved in steroid-hormone metabolism (27).  
In fact, androgen deprivation therapy (ADT) facilitates the response of prostate cancer (PC) 
to radiation.  Androgens have been shown to induce elevated basal levels of reactive oxygen 
species (ROS) in PC, leading to adaptation to radiation-induced cytotoxic oxidative stress (27) 
(28).Thus, upon radiation these cells become less sensitive to toxic levels of ROS compared 
with androgen-deprived cells and so are less susceptible to treatment by radiation (28).  
 
1.3.4. ATV in Chemotherapy with docetaxel 
 
Docetaxel is one of the promising chemotherapeutic treatments for carcinomas. His main 
chemotherapeutic targets are microtubules, which cause cell-cycle arrest and apoptosis by 
increasing tubulin polymerization, promoting microtubule assembly, and inhibiting tubulin 
depolymerization (29). It has been assumed that docetaxel is able to inactivate their anti-
apoptotic capacity. Earlier studies tested the anti-proliferative effects of docetaxel on PC and 
discovered that pre-treatment with cholesterol decreased the sensitivity of docetaxel. 
Treatments with agents that specifically target the biochemical synthesis of cholesterol may 
increase the sensitivity of docetaxel, with more potent effects on growth inhibition. 
Atorvastatin, has been considered to be among the safest drugs (29) (30). 
1.3.5. Autophagy-associated cell death 
In addition to its cholesterol-lowering effect, atorvastatin has pro-apoptotic and anti-
metastatic effects on prostate cancer cells (31). Parikh et al hypothesized that atorvastatin 
may induce autophagy-associated cell death in PC cells (32). However, the biological 
mechanisms underlying the anti-cancer effects of atorvastatin remain to be elucidated. 
Autophagy is a homeostatic, catabolic process responsible for the packaging and degradation 
of cytoplasmic proteins and organelles. Autophagy is therefore required in order to maintain 










1.4.   The method 
Multiple studies have been reporting a development and validation of a sensitive, simple 
and rapid method for simultaneous quantification of ATV and its metabolites by liquid 
chromatography-tandem mass spectrometry (LC-MS/MS) in human whole blood (34) (35) 
(36).  
1.4.1. Origins of Liquid Chromatography 
 
Today, liquid chromatography, in its various forms, has become one of the most powerful 
tools in analytical chemistry (37). 
High Performance Liquid Chromatography (HPLC) is a technique in analytical 
chemistry used to separate, identify, and quantify each component in a mixture. There are 
some advantages of HPLC´s method: analysis has no volatility issues (however the analyte 
must be soluble in the mobile phase); the samples used are over a wide polarity range and 
it´s able to analyze ionic samples (38). 
The samples are prepared in a solvent system that has the same or less organic solvent 
than the mobile phase and volumes of 1 to 50 μL are common (39). 
HPLC is usually carried out at (or around) room temperature and most HPLC detectors 
apart from the Mass Spectrometer are non-destructive (38) (the analyte may be recovered) 
and typical sensitivity is in the order of nanograms and also has the capability of producing 
spectra associated with sample components (37). 
 
1.4.2. Chromatographic Separation Mechanisms  
 
HPLC separations involve both the mobile phase (a liquid) and the stationary phase 
(usually materials of varying hydrophobicity chemically bonded to a solid support) (38).  
The amount of water in an HPLC mobile phase will determine how strongly a hydrophobic 
analyte is repelled into the stationary phase, and how well it is retained. The chemical nature 
of the stationary phase will also govern how strongly the analyte is retained. For this reason, 
HPLC is a technique that is driven by the ‘selectivity’ achieved using two interacting phases 
(37,39). 
1.4.3. The Liquid Chromatograph  
 
In HPLC, several instrument and column chemistry parameters need to be optimized in 
order to generate a satisfactory separation (40).  
Each of the following parameters need to be optimized in order to generate a chromatogram 
that is suitable for qualitative or quantitative purposes (scheme 1, in anexs) (37):  
• Mobile phase composition  
• Bonded phase chemistry  
• Column and packing dimensions  
• Injection volume  
• Sample pre-treatment and concentration  
• Mobile phase flow rate  
• Column temperature  




1.4.4. The Liquid Chromatographic Process  
 
The mobile phase is continuously pumped at a fixed flow rate through the system and mixed 
(if required) by the pump. The injector is used to introduce a plug of sample into the mobile 
phase without having to stop the mobile phase flow, and without introducing air into the system 
(37).  
The detector is then used to respond to a physicochemical property of the analyte (perhaps 
a UV chromophore consisting of a set of conjugated double bonds or an aromatic group). This 
response is digitally amplified and sent to a data system where it is recorded as the 
‘chromatogram’ (see figure 1, in appendix) (37). 
 
1.4.5. High Performance Liquid Chromatogram  
Components (such as the injection solvent) that are not retained within the column elute at 
the ‘dead time’ or ‘hold up time’ t0 (37). Those compounds (analytes and sample components) 
that are retained elute as approximately ‘Gaussian’ shaped peaks later in the chromatogram. 
Retention times provide the qualitative aspect of the chromatogram and the retention time of 
a compound should be the same under identical chromatographic conditions (37). The 
chromatographic peak height or peak area is related to the quantity of analyte. For 
determination of the actual amount of the compound, the area or height is compared against 
standards of known concentration (38,40). 
1.4.6. Modes of Chromatography  
The ‘mode’ of chromatography is usually defined by a combination of a certain stationary 
phase type with a certain mobile phase type. For example, ‘Normal Phase’ chromatography 
has a non-polar mobile phase with a more polar stationary phase. Reversed phase HPLC (as 
the name implies) uses a system in which the mobile phase is more polar than the stationary 
phase (37).  
The main modes of chromatography and their uses are described in Table 1- see annex. 
1.4.7. Gradient Elution 
             After sample introduction, the ratio of these solvents is programmed to vary either 
continuously or in steps, resulting in enhanced separation efficiency (40). 
      The solvents that make up the mobile phase can be mixed in several ways, including (38): 
      Isocratic - the composition of the mobile phase remains constant throughout the analysis.  
      Binary - this is an extremely accurate and reproducible way of mixing solvents under high 
pressure as 2 pumps (or two pump heads on a single pump unit) are used. Binary HPLC 
systems generally allow mixing of only 2 solvents. 
      Quaternary - mixing of any combination of up to 4 mobile phase solvents is possible. This 
gives the user greater flexibility. Mixing is usually achieved with the use of an in-line (low 
pressure) gradient proportioning valve. This method of mixing is less accurate and precise 








1.4.8. Mass Spectrometry 
       Allows specific compound identification, it is very sensitive and highly selective. 
       The mass spectrometer is an instrument designed to separate gas phase ions according 
to their m/z (mass to charge ratio) value (38). 
       Ionization is the process where electrons can be removed or added to atoms or molecules 
to produce ions. In LC-MS charge may also be applied to the molecule via association with 
other charged molecules – for example a proton (H + ). Such ions are produced in LC/MS 
systems by the use of strong electric fields in a vapor or condensed phase (37). The separated 
sample species are then sprayed into an Atmospheric Pressure Ion Source (API) where they 
are converted to ions in the gas phase and the majority of the eluent is pumped to waste. In 
API, the solvent elimination and ionization steps are combined and take place in the ion source 
(38). 
     The most common ionization methods in LC-MS include: 
• Electrospray Ionization (ESI) – ionization in the condensed phase 
• Atmospheric Pressure Chemical Ionization (APCI) – ionization in the gas phase 
• Atmospheric Pressure Photo Ionization (APPI) – ionization in the gas phase 
1.4.9. Ionization Overview 
       The two main modes of ionization used in API LC/MS are Electrospray Ionization (ESI) 






Chemical Ionization (APCI) 
 
Atmospheric 
Pressure Photo Ionization 
(APPI) 
-uses condensed phase 
(liquid) charge separation 
and ion evaporation 
techniques to produce vapor 
phase; 
- Primarily analyte molecules 
of interest must be in the 
ionized form prior to spraying 
into the Electrospray 
interface (39); 
 
- uses analyte desolvation 
and charge transfer 
reactions to produce vapor 
phase; 
- no potential is applied to the 
capillary but instead the 
liquid emerges from the 
capillary surrounded by a 
flow of inert, nebulising gas 
into a heated region; 
- The combination of 
nebulising gas and heat 
forms an aerosol that begins 
to rapidly evaporate (37) 
- Complementary technique; 
-has been developed to 
broaden the range of analyte 
types; 
-Important for certain 
compounds that are not 
easily ionizable by ESI or 
APCI, for example non-polar 
compounds and polycyclic 
aromatic hydrocarbons. 
- the ionization process is 
accomplished by exposing 
an aerosol of sprayed 
droplets to photo - 
irradiation. A molecular 
radical ion is formed when 
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the molecule absorbs a 
photon (39).  
 Table 1-    Main modes of ionization used in API LC/MS 
          
     Both ESI and APCI are termed “soft” ionization methods. This means that in the process 
of producing ions there is negligible energy transferred to the ion. Therefore, the ion formed 
does not fragment to give lower mass ions. The resultant mass spectrum therefore consists 
predominantly of either [M+H]+ or [M-H]- or adduct ions such as [M+Na] + (39). 
       In addition to the mass analyzer, the mass spectrometer also includes an atmospheric 
ionization chamber, and a detector. The mass analyzer and detector systems are held within 
a vacuum chamber (38). 
      The detector is used to ‘count’ the ions emergent from the mass analyser, and may also 
amplify the signal generated from each ion. Widely used detector types include: electron 
multiplier, dynode, photodiode and multi-channel plate (39). 
 
1.4.10. Mass analyzers  
 
     In its simplest form the process of mass analysis in LC/MS involves the separation or 
filtration of analyte ions or fragments of analyte ions created in the Atmospheric Pressure 
Ionization (API) interface or in the regions between the API interface and the high vacuum 
region of the mass analyzer (products of collision-induced dissociation etc.) (39). 
Most popular analyzer types include Quadrupole, Time of Flight, Ion Trap and Magnetic 
Sector (38). 
     Quadrupole and Ion Trap Mass analyzers: ions are filtered using electrostatic potentials 
applied to the elements of the mass analyzers which are used to ‘select’ ions according to 
their mass to charge ratio, non-selected ions are ejected from the mass analyzer device and 
are not detected (37).  
     Time of Flight (TOF) mass analyzers: use differences in flight times of accelerated ions 
through an extended flight path to separate ions (38). 
Magnetic Sector Mass Analyzers: use magnetic fields to conduce ions of interest towards 
the detector (38). 
     The analyte and fragment ions are plotted in terms of their mass-to-charge ratio (m/z) 
against the abundance of each mass to yield a mass spectrum of the analyte (37). 
It should be noted that the spectra acquired with an ion trap mass analyzer has some 
unique capabilities, including the ability to perform multiple product ion scans with very good 
sensitivity (40). 
 
1.4.11. Tandem mass spectrometry (MS/MS) 
 
     MS/MS is the combination of two or more MS experiments. The aim is either to get 
structural information by fragmenting the ions isolated during the first experiment, and/or to 
achieve better selectivity and sensitivity for quantitative analysis by selecting representative 
ion transitions using both the first and second analyzers (37). 
     MS/MS analysis can be achieved either by coupling multiple analyzers (of the same or 






This study aims to implement a method for detection and identification of atorvastatin in 
human plasma and prostate tissue. Until now there are only studies and reports about 
quantification of ATV in blood by LC-MS/MS, not in the tissue. Besides that, we want to provide 
insight into what is currently known about the effect of atorvastatin on the development of 
prostate cancer and on the risk of this disease, to show the possible mechanisms of action for 
statins, as well as at these drugs’ potential to prevent prostate cancer. 
 
3. First Experimental 

























Molecular Weight 575 g/mol 
Storage Conditions for all -20 ºC and protected from light 
Safety Precautions for all 
Routine laboratory procedures (gloves, 
goggles, and face mask) are sufficient to 
assure personnel health and safety 
  Table 2: Chemical structure, formula, molecular weight, storage conditions and safety 
precautions for ATV and its metabolites 
ATV calcium hydroxy acid and lactone metabolites (ATV-lactone) and corresponding 
deuterium (d5)-labeled internal standards (IS) were purchased from Toronto Research 
Chemicals (Toronto, ON, Canada). ATV calcium salt trihydrate was purchased from Sigma  
Aldrich. The internal standard  is a compound that is very similar, but not identical to the 
chemical species of interest. It is used for calibration by plotting the ratio of the analyte signal 
to the internal standard signal as a function of the analyte concentration of the standards. This 
is done to correct for the loss of analyte during sample preparation or sample inlet.  
Acetronitrile and acetic acid (which helps to release the drug from the proteins) were 
purchased from Fluka Analytical. DMSO, from Sigma-Aldrich; Methanol from Fisher Chemical 
(UK) and water was purified in a MilliQ Gradient A10 purification system (Millipore, Milford, 
MA, USA). The tissue is from liver homogenate, in 50 mM phosph. buffer pH of 7.4. 
 
3.2. Standards preparation 
Stock drugs solutions were made by diluting each compound in DMSO, getting a 
concentration of 1 mg/mL. For ATV and ATV-lactone solutions, 100 L were pipetted to a 10 
mL volumetric flask, that was filled with 50% MeOH. This was the first working solution 10 
g/mL (see table 6).  ATV-OH (100 µL) was only added to 1 g/mL working solution because 
of the lower amount of volume of this available compound compared with the other ones. The 
stock internal standard solution had a concentration of 1 mg/mL in DMSO and it was diluted 
to final concentration of 50 ng/mL in 50% MeOH. 
Dilution of IS: 100 L of IS 1 mg/mL was added to a volumetric flask of 10 mL (final 
concentration- 10 g/mL), the second one, 1 mL from the 10 g/mL one was added to a 
volumetric flask of 10 mL (final concentration- 1g/mL) and the last one, 1 mL from the second 




Standard working solutions were made from stock solution drug in 50% methanol and their 




Add Final Volume 
10 100 µL of ATV and ATV-lactone 
of each stock solution 
10 mL MeOH/H2O (1:1, v/v) 
5 5 mL of sol 10 µg /mL 10 mL MeOH/H2O (1:1, v/v) 
2.5 5 mL of sol 5 µg /mL 10 mL MeOH/H2O (1:1, v/v) 
1 100 µL ATV-OH of stock solution 
+ 4 mL of sol 2.5 µg /mL 
10 mL MeOH/H2O (1:1, v/v) 
0.5 5 mL of sol 1 µg/mL 10 mL MeOH/H2O (1:1, v/v) 
0.25 5 mL of sol 0.5 µg/mL 10 mL MeOH/H2O (1:1, v/v) 
0.1 4 mL of sol 0.25 µg/mL 10 mL MeOH/H2O (1:1, v/v) 
0,05 5 mL of sol 0.1 µg/mL 10 mL MeOH/H2O (1:1, v/v) 
0,025 5 mL of sol 0.05 µg/mL 10 mL MeOH/H2O (1:1, v/v) 
0,0125 5 mL of sol 0.025 µg/mL 10 mL MeOH/H2O (1:1, v/v) 
0,005 4 mL of sol 0.0125 µg/mL 10 mL MeOH/H2O (1:1, v/v) 
Table 3: Working solutions of Atorvastatin, Atorvastatin-lactone and Hydroxy-Atorvastatin 
3.3. Chromatographic equipment and conditions 
The HPLC system was an Agilent 1200 Series RRLC consisting of a micro degasser, binary 
pump SL in low delay volume configuration (damper and mixer bypassed), high performance 
autosampler SL, and column thermostat SL (Agilent Technologies, Waldbronn, Germany). 
Zorbax SB-C18 column (2.1 x 50 mm, 2.7 µm) was used with a dedicated 0.2 µm in-line filter 
(Agilent Technologies). Column was maintained at 50 ºC and autosampler tray at ambient 
temperature. Injection volume was 2 µL. The autosampler was set to perform vial bottom 
sensing and sample draw from the vial bottom. Further autosampler functions in use were 
automatic delay volume reduction with default timing settings. Flow rate was 0.500 mL/min 
and gradient elution was used with 100 % water (eluent A) and 100 % methanol (eluent B). 
The gradient was as follows: 2.0 min: 98% A and 2% B, 2.0 to 7.0 min: 98%→0.0% A and 
2%→100% B, 7.0 to 7.1 min: 0.0%→98% A and 100%→2% B, 7.1 to 9.0 min: 98% A and 2% 
B. Total run time from injection to injection was 9.0 min.  
3.4. Mass spectrometric equipment and conditions 
The mass spectrometer was an Agilent 6495 Triple Quadrupole LC/MS with electrospray 
ion source (Agilent Technologies, Palo Alto, CA, USA). Nitrogen was used as a drying, 
nebulizer, and collision gas. The following ion source conditions were employed: positive ion 
mode, drying gas temperature 200 ºC, drying gas flow 16 L/min, nebulizer pressure 25 psi. 
Instrument was tuned with the built-in autotune function using the associated tuning solution. 
The resulting voltage for the electron multiplier was then increased by using an instrument 




3.5. Measurement of full scan mass spectra and MS/MS spectra 
The 1 g/mL working solution of each analyte and internal standard was injected, without 
the column in the instrument to obtain the full scan MS and collision induced dissociation 
MS/MS mass spectra, for 10 V, 15 V, 20 V, 25 V collision energies. 
Multiple reaction monitoring (MRM) was used with both quadrupoles set at unit resolution.  
 
3.6. Calibration curve 
A calibration curve and respectively concentrations, using the working solutions was 
elaborated. Eight calibrators were used that covered the range of 0.5-100 ng/mL for ATV and 
its two main metabolites. Calibration standards and QC’s were made in human serum.  
Drug concentration in plasma 
(ng/mL) 
Working solution in 100 µL of 
human serum 
IS (ATV-d5) 
100 10 µL solution of 1 µg/mL 20 µL 
50 10 µL solution of 0,5 µg/mL 20 µL 
25 10 µL solution of 0,25 µg/mL 20 µL 
10 10 µL solution of 0,1 µg/mL 20 µL 
5 10 µL solution of 0,05 µg/mL 20 µL 
2,5 10 µL solution of 0,025 µg/mL 20 µL 
1,25 10 µL solution of 0,0125 µg/mL 20 µL 
0,5 10 µL solution of 0,005 µg/mL 20 µL 
0 10 µL solution of 50% MeOH 20 µL 
Table 4: Calibration curve for Atorvastatin, Atorvastatin-lactone and Hydroxy-Atorvastatin 
It was added 400 µL of 0.1% acetic acid in acetonitrile, ice cold, to the calibration 
standards. 
The test tubes were vortex-mixed for approximately 10 seconds and thereafter, all 
precipitated proteins were separated by centrifugation for 15 min at 14000xg and 4 ºC 
temperature. The supernatant was recovered (200 µL) and transferred into HPLC vials. 
Each concentration was analyzed in duplicate, in addition to the blank and zero samples. 
 
3.7. Validation procedure 
The following steps of validation were performed based on the guidelines for bioanalytical 
method validation defined by the European Medicines Agency (EMA) and Food and Drug 
Administration (FDA). 
3.7.1. Lower limit of quantification 
LLOQ was defined as the lowest concentration of analyte in a sample which can be quantified 
reliably, with an acceptable accuracy and precision. The LLOQ is considered being the lowest 
27 
 
calibration standard, with an intra and inter-day coefficient of variation less than 20% and intra and 
inter day accuracy within 20 % of the nominal value. In addition, the analyte signal of the LLOQ 
sample should be at least 5 times the signal of a blank sample. 
3.7.2. Carry-over 
Carry-over effect was tested by injecting methanol samples after the highest concentration (100 
ng/ml) and before the samples to study the matrix effect. Carry over in the blank sample following 
the high concentration standard should not be greater than 20% of the lower limit of quantification 
and 5% for the internal standard. If it appears that carry-over is unavoidable, study samples should 
not be randomized.  
3.7.3. Accuracy and precision 
The accuracy of an analytical method describes the closeness of the determined value 
obtained by the method to the nominal concentration of the analyte (expressed in %). The QC 
samples were analyzed against the calibration curve, and the obtained concentrations were 
compared with the nominal value.  
Accuracy and precision were determined by analyzing four quality control (QC) samples in 
sixtuplicate for each analytical run, namely a low QC level (0.5 ng/mL) and a medium QC level 
(1.25 ng/mL). 
Intra-day accuracy and precision were established in one single run and were reported as 
percent of the nominal value and did not exceed 15% for QC samples, and 20% for the LLOQ. 
 
3.7.4. Matrix effect and overall recovery 
Matrix effects were performed with just one level of QC (1.25 ng/mL) and three different 
solutions: one with MeOH (100 µL), drug (10 µL), IS (20 µL) and ACN (400 µL) - set A. 
Set B is composed by plasma (B1) and liver tissue (B2). For each one, ACN (400 µL) was 
firstly added and 200 µL of the supernatant were collected. Then, the drug (10 µL of 1,25 
ng/mL concentration) and 20 µL of IS were added as well as 300 µL of ACN in the end to end 
up with the same amount of volume than Set A. 
 
Set Procedure Final Volume 
(µL) 
A 100 µL of MeOH 50% + 10 µL of drug + 20 µL of IS+ 





100 µL of plasma + 400 µL of ACN. 200 µL of the 
supernatant were taken; 10 µL of drug + 20 µL of IS 





100 µL of liver tissue + 400 µL of ACN. 200 µL of the 
supernatant were taken; 10 µL of drug + 20 µL of IS 
were added + 300 µL of CAN 
 
530 µL 
Table 5: Matrix effect procedure 
The set C is composed by the calibration curve for the 1.25 ng/mL concentration, previously 
done. For this concentration level, overall recovery was obtained by comparing signals from set C 
to set A, the extraction yield was evaluated by comparing signals from conditions B and C, and 
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matrix effect was assessed by comparing signals from sets A and B. Overall recovery, extraction 
yield and matrix effect were calculated according to the following equations (see appendix).  
Overall recovery =
peak area in set C
peak area in set A
 x 100 
Extraction yield =
peak area in set C
peak area in set B
 x 100 
Matrix effect =
peak area in set B
peak area in set A
 x 100 
4. Results and discussion 
4.1. MS and MS/MS spectra determination 
At the beginning it is necessary to choose the best conditions for the detection of the 
compounds. Best conditions for ionization must be chosen as well as best conditions for 
fragmentation as in this type of work MRM is the method chosen for quantitation due to its 
selectivity and sensitivity. 
MS products were characterized with Agilent 6495 QQQ. 
The products scan of ATV, ATV-Lactone, ATV-OH and ATV-d5 were made at 10, 15, 20 
and 25 V. 
     
      Figure 5: Product ions of Atorvastatin (m/z 559.26 →m/z 440) 
 




     Figure 7: Product ions of Hydroxy-Atorvastatin (m/z 575 →m/z 440.1, m/z 575 →m/z 466) 
 
      Figure 8: Product ions of Atorvastatin-d5 (m/z 564.2 →m/z 445.1) 
 20 V was the collision energy that produced the best results for all the compounds, once 
all the peaks corresponding to product ions could be seen clearly in the MS/MS mass spectra 
(Fig. 5, 6, 7 and 8).Therefore, the energy of 20 V was the one to be selected to this method. 
4.2. Qualitative Analysis B.06.00 
The following MRM’s show the retention time for each analyte (atorvastatin, internal standard-
ATV-d5, atorvastatin-lactone and hydroxy-atorvastatin) in blank human plasma (drug and internal 
standard free-figures 9,12,15), in ‘zero’ of calibration curve (only drug-free- figures 10,13,16) and 
in 0.5 ng/ml of calibration curve (figures 11,14,17), which corresponds to the LLOQ. 
 




          Figure 9: MRM chromatogram for Atorvastatin (upper) and Internal Standard (down) from 
analysis of blank human plasma (drug and IS free) 
 
     
          Figure 10: MRM chromatogram for Atorvastatin (upper) and Internal Standard (down) from 




        Figure 11:  MRM chromatogram for Atorvastatin (upper) and Internal Standard (down) from 
analysis of LLOQ (0.5 ng/mL) 
MRM for IS in blank 
MRM for IS in zero of CC 
MRM for ATV in zero of CC 
MRM for ATV in 0.5 ng/mL 
(calibration curve) 







          Figure 12: MRM chromatogram for Atorvastatin- Lactone (upper) and Internal Standard 
(down) from analysis of blank human plasma (drug and IS free) 
 
 
         Figure 13:  MRM chromatogram for Atorvastatin-Lactone (upper) and Internal Standard 
(down) from analysis of zero (in calibration curve-drug free) 
 
MRM for ATV-
Lactone in blank 
MRM for IS in blank 
MRM for ATV-Lactone in zero 
MRM for IS in zero 
MRM for ATV-Lactone in 0.5 




          Figure 14:  MRM chromatogram for Atorvastatin-Lactone (upper) and Internal Standard (down) 
from analysis of LLOQ (0.5 ng/mL) 
 
 
         Figure 15: MRM chromatogram for Atorvastatin-OH (upper) and Internal Standard (down) from 




MRM for IS in 0.5 ng/mL 
(calibration curve) 
MRM for IS in zero 
MRM for ATV-OH in zero 
MRM for ATV-OH in blank 
MRM for IS in blank 
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Figure 16:  MRM chromatogram for Atorvastatin-OH (upper) and Internal Standard (down) from 




        Figure 17:  MRM chromatogram for Atorvastatin-OH (upper) and Internal Standard (down) 
from analysis of LLOQ (0.5 ng/mL) 
 For each compound (ATV, ATV-lactone and ATV-OH), the peaks are predictable and 
expected: in the blank, there is no signal for the respective retention times; in zero of calibration 
curve there is only signal for the internal standard once the drug is free (which peak and retention 
time is always the same- 6.151 minutes) and, finally, in the 0.5 ng/mL concentration both peaks 
(IS and the compound) are clearly visible and defined 
4.3. Linearity from QQQ Quantitative Analysis 
The linear regression curves were fitted to the concentration ranges of 0.5-100 ng/ml for ATV 
and its metabolites in human plasma. The mean equations of the calibration curves generated 
for each analyte were as follows: 
MRM for ATV-OH in 0.5 
ng/mL (calibration curve) 




     
           Figure 18: Calibration curve for ATV in human plasma 
The calibration curve and respectively r2 obtained were: 
y= 0.145520*x – 0.023642 
R2= 0.9973 
The green squares represent the Internal Standard from different runs. 
     
          Figure 19: Calibration curve for ATV-Lactone in human plasma 
The calibration curve and respectively r2 obtained were: 
y= 0.171463*x – 0.019698 
R2= 0.9927 




     
          Figure 20: Calibration curve for ATV-OH in human plasma 
The calibration curve and respectively r2 obtained were: 
y= 0.016009*x – 0.001076 
R2= 0.9968 
The green squares are representing the internal standard which response is relatively 















































































Table 6: Summary of standard and calibration curve parameters. 
n=2 (two replicates for each validation run) 
% Accuracy= [(determined value/true value)]*100% 
%CV calculated as (SD/mean)*100 
STD: Standard 
The calibration curves obtained from analyte/IS peak area vs. nominal concentration were 
linear using weighted (1/x) linear regression over the concentration range, with correlation 
coefficients (R2)≥0.9927. According to FDA guidelines, the accuracy of calibration standards 
and quality control samples should be between 80-120% and imprecision below 20%. For the 
current assay, the measured mean values were within 86.2-111.8 % of their nominal values 
for calibrators (Table 6) and 95-110.2% for intra run QC´s (Table 7), which indicates 





Analyte QC (ng/mL) 0.5 1.25 




















Table 7: Summary of quality control samples 
n= 6 (six replicates for each validation run) 
% Accuracy= [(determined value/true value)]*100 
%CV calculated as (SD/mean)*100 
QC: Quality Control 
4.4. Results of matrix effect  
 
Figure 21: Specific areas of each solution for ATV, obtained from the Agilent MassHunter 
Quantitative Analysis (for QQQ), to evaluate the matrix effect, overall recovery and extraction yield 
Matrix effect was determined by comparing the peak area of each analyte in methanol solution 
to the signal obtained in whole blood after the extraction step. Experiments showed positive matrix 
effect for all analytes, which ranged 80.6% to 94.71% for plasma and 71.3% to 74.9% for tissue. 
Extraction yield after the protein precipitation step ranged from 76 % to 101.5% and was greater 
for ATV-Lactone. The peak areas of analytes spiked in methanol and in blood samples after 














Figure 22: MRM Chromatogram of drug 1.25 ng/ml level (upper) and of IS (down) in the tissue 
As shown in figure 22, the signal is very reliable. If it works for liver tissue (a heavy and with 
high concentrations), we can conclude that the method fits in other tissues too, like prostate 
(suitable in this experimental).  
That being proved, the measurement of atorvastatin (ATV) and atorvastatin lactone (ATV-
lactone) in prostate tissue homogenate with HPLC-MS using atorvastatin D5 (ATV-D5) as 
internal standard, was initiated in the same chromatogram conditions. 
5. Experimental of samples assay 
5.1. Plasma samples 
     Firstly, the plasma samples that have matching ATV treated tissue samples were selected 
and melted in ice.  
5.2.  Tissue homogenate samples 
Tissue homogenates were made in liquid nitrogen. The samples were selected from ATV 
treated patients. 
After taking the sample for analysis, the material was kept straight to dry ice and freezer (-
80ºC). 
 
5.3. Standards preparation for sample analysis 
The calibration curve was obtained in the end for plasma and tissue samples with the same 
procedure, obtaining two different calibration curves for ATV and ATV-lactone, done in 
different days. 
5.3.1. Dilution of Internal standard 
100 L of IS (ATV-D5) 1 mg/mL were diluted to 10 mL with 50% MeOH in flask, with a 
concentration of 10 µg/mL. 
100 L of the previous solution (10 µg/mL) were diluted to 10 mL with 50% MeOH, with a 
final concentration of 100 ng/mL, in 50% MeOH.  
 
5.3.2. Stock solutions (in freezer) 
 
• Atorvastatin (ATV) in DMSO, with a concentration of 1 mg/mL. 







5.3.3. Working solutions in 50% MeOH for plasma analysis in samples assay 
100 L of ATV and ATV-lactone solutions (1mg/mL) were diluted to 10 mL with 50% MeOH 
in the same volumetric flask, with a concentration of 10 µg/mL (ATV and ATV-lactone). 
Drug Concentration 
(µg/ml) 
Add Add 50%MeOH 
5 0,5 mL of sol 10 µg /mL 0,5 mL  
2.5 0,5 mL of sol 5 µg /mL 0,5 mL  
1 0,4 mL of sol 2.5 µg /mL 0,6 mL  
0.5 0,5 mL of sol 1 µg/mL 0,5 mL  
0.25 0,5 mL of sol 0.5 µg/mL 0,5 mL  
0.1 0,4 mL of sol 0.25 µg/mL 0,5 mL  
0,05 0,5 mL of sol 0.1 µg/mL 0,5mL  
0,025 0,5mL of sol 0.05 µg/mL 0,5 mL  
0,01 0,4 mL of sol 0.025 µg/mL 0,6 mL  
0,005 0,5 mL of sol 0.0125 µg/mL 0,5mL  
Table 8: Working solutions for plasma analysis in samples assay 
5.3.4. Working solutions in 50% MeOH for tissue analysis in samples assay 
100 L of ATV and 50 L of ATV-lactone solutions (1mg/mL) were diluted to 10 mL with 
50% MeOH in the same volumetric flask, with a concentration of 10 µg/mL (for ATV) and 5 
µg/mL (for ATV-lactone). 
Drug Concentration 
(µg/ml) 
Add Add 50%MeOH 
2.5 0,5 mL of sol 10 µg /mL 0,5 mL  
1.25 0,5 mL of sol 2.5 µg /mL 0,5 mL  
0.5 0,4 mL of sol 1.25 µg /mL 0,6 mL  
0.25 0,5 mL of sol 0.5 µg/mL 0,5 mL  
0.125 0,5 mL of sol 0.25 µg/mL 0,5 mL  
0.05 0,4 mL of sol 0.125 µg/mL 0,6 mL  
0,025 0,5 mL of sol 0.05 µg/mL 0,5mL  
0,0125 0,5mL of sol 0.025 µg/mL 0,5 mL  
0,005 0,4 mL of sol 0.0125 µg/mL 0,6 mL  
0,0025 0,5 mL of sol 0.005 µg/mL 0,5mL  
Table 9: Working solutions for tissue analysis in samples assay 
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5.4. Calibration curve for plasma in samples assay 
The next phase was to elaborate the calibration curve and respective concentrations, using 
the working solutions. For plasma samples, nine calibrators were used that covered the range 
of 0.5-500 ng/mL for ATV and its metabolite (ATV-lactose). Calibration standards and QC’s 







Add Working solution  
IS (ATV-d5) 
100ng/mL 
100 µL 500 10 µL solution of 5 µg/mL 10 µL 
100 µL 100 10 µL solution of 1 µg/mL 10 µL 
100 µL 50 10 µL solution of 0,5 µg/mL 10 µL 
100 µL 25 10 µL solution of 0,25 µg/mL 10 µL 
100 µL 10 10 µL solution of 0,1 µg/mL 10 µL 
100 µL 5 10 µL solution of 0,05 µg/mL 10 µL 
100 µL 2,5 10 µL solution of 0,025 µg/mL 10 µL 
100 µL 1 10 µL solution of 0,01µg/mL 10 µL 
100 µL 0,5 10 µL solution of 0,005 µg/mL 10 µL 
100 µL 0 10 µL solution of 50% MeOH 10 µL 
Table 10: Calibration curve for plasma analysis in samples assay 
For tissue samples, nine calibrators were used that covered the range of 0.25-250 ng/mL 








Add Working solution  
IS (ATV-d5) 
100ng/mL 
100 µL 250 10 µL solution of 5 µg/mL 10 µL 
100 µL 125   10 µL solution of 1 µg/mL 10 µL 
100 µL 50 10 µL solution of 0,5 µg/mL 10 µL 
100 µL 12.5 10 µL solution of 0,25 µg/mL 10 µL 
100 µL 5 10 µL solution of 0,1 µg/mL 10 µL 
100 µL 2.5 10 µL solution of 0,05 µg/mL 10 µL 
100 µL 1.25 10 µL solution of 0,025 µg/mL 10 µL 
100 µL 0.5 10 µL solution of 0,01µg/mL 10 µL 
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100 µL 0.25 10 µL solution of 0,005 µg/mL 10 µL 
100 µL 0 10 µL solution of 50% MeOH 10 µL 
Table 11: Calibration curve for tissue analysis in samples assay 
5.5. Quality controls (QC) for plasma analysis in samples assay 














QC 100 100 µL 100 10 µL solution of 1 µg/mL 10 µL 
QC10 100 µL 10 10 µL solution of 0,1 µg/mL 10 µL 
QC 1 100 µL 1 10 µL solution of 0,01 µg/mL 10 µL 
Table 12: Summary of quality controls for plasma analysis in samples assay 













(57 in total) 100 µL X 10 µL 50% MeOH 10 µL 
Table 13: Preparation of plasma samples 
5.7. Quality controls (QC) in tissue homogenate 
Tissue homogenate from patients that were not treated with drug was used in quality 
controls. That homogenate came in solution (1 part of tissue, 10 parts of isotonic NaCl 
















QC T1- 6 100 µL 10 10 µL solution of 0,1 µg/mL 10 µL 
Table 14: Quality controls for tissue analysis in samples assay 
5.8. Tissue homogenate preparation 
All the tissue samples (in solid state) were firstly smashed by mortar and pestle with liquid 
nitrogen. Homogenate came then in solution (1 part of tissue, 10 parts of isotonic 0,9% NaCl 
solution).  
*If the tissue weight was 27 mg or more, 100 µL were taken for ATV analysis.  
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*If the tissue weight was 22 mg or more, 50 µL were taken for ATV analysis.  













number 100 µL X 10 µL 50% MeOH 10 µL 
number 50 µl X 5 µL 50% MeOH 5 µL 
number 20 µL X 2 µL 50% MeOH 2µL 
Table 15: Tissue homogenate preparation 
5.9. Tissue without drug treatment as Control of ‘zero’ of Calibration 
Tissue homogenate from patients that were not treated with drug (in duplicate) was used 















BT 100 µL 0 10 µL 50% MeOH 10 µL 
 Table 16: Zero of calibration curve in tissue from patients who were not treated with drug 
5.10. Precipitation of proteins 
To each sample it was added 400 µL of 0.1% acetic acid in acetonitrile, ice cold, to the 
calibration standards. If the sample volume had 50 µL, 200 µL of 0.1% formic acid in 
acetonitrile, ice cold, was the volume to add. Otherwise, if the sample volume was 20 µL, 80 
µL of 0.1% formic acid in acetonitrile, ice cold was the volume to add. 
The test tubes were vortex-mixed for approximately 10 seconds and thereafter, all 
precipitated proteins were separated by centrifugation for 15 min at 14000xg and 4 ºC 
temperature. The supernatant was recovered (100 µL or 40 µL If total volume was 100 µL) and 











5.11. Qualitative Analysis B.06.00 for plasma samples 
The following MRM’s show the retention time for each analyte (atorvastatin, internal standard 
and atorvastatin-lactone) in blank human plasma (drug and internal standard free-figure 23) in 







        Figure 23: MRM chromatogram for ATV (upper) and IS (in the middle) and ATV-Lactone (down) 
from analysis of blank human plasma (drug and IS free) in plasma analysis 
 
 
MRM for ATV in Zero of CC 
MRM for ATV in blank 
MRM for IS in blank 





         Figure 24: MRM chromatogram for ATV (upper) and IS (in the middle) and ATV-Lactone (down) 






         Figure 25: MRM chromatogram for ATV (upper) and IS (in the middle) and ATV-Lactone (down) 
from analysis of QC (10 ng/mL) in plasma analysis 
MRM for IS in Zero of CC 
MRM forATV-Lactone in Zero of CC 
MRM for ATV-Lactone 
in QC (10 ng/mL) 
MRM for IS in QC (10 ng/mL) 
MRM for ATV in QC (10 ng/mL) 
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For each compound (ATV, ATV-lactone and IS), the peaks are predictable and expected: in 
the blank, there is no signal for the respective retention times; in zero there is only signal for the 
IS, once the drug is free and, finally, in the 10 ng/mL concentration both peaks (IS and compounds) 
are clearly visible and defined. 
5.12. Linearity from QQQ Quantitative Analysis for plasma samples 
The linear regression curves were fitted to the concentration ranges of 0.5-500 ng/mL for ATV 
and its metabolites in human plasma. The mean equations of the calibration curves generated 
for each analyte were as follows: 
 
 
         Figure 26: Calibration curve for ATV for plasma samples 
The calibration curve and respectively r2 obtained were: 
y= 0.131287*x – 0.010060 
R2= 0.9748 
     
         Figure 27: Calibration curve for ATV-Lactone for plasma samples 
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The calibration curve and respectively r2 obtained were: 
y= 0.161100*x + 0.032034 
R2= 0.9779 
The calibration curves obtained from analyte/IS peak area vs. nominal concentration were 
linear using weighted (1/x) linear regression over the concentration range, with correlation 
coefficients (R2)≥0.9748. 
5.13. Qualitative Analysis B.06.00 for tissue samples 
The following MRM’s show the retention time for each analyte (atorvastatin, internal standard 
and atorvastatin-lactone) in blank human plasma (drug and internal standard free-figure 28), in 
‘zero’ of the tissue from samples not treated with drug (figure 29) and another one of calibration 





         Figure 28: MRM chromatogram for ATV (upper) and IS (in the middle) and ATV-Lactone (down) 
from analysis of blank human plasma (drug and IS free) in tissue analysis 
 
MRM for ATV in blank 
MRM for IS in blank 






         Figure 29: MRM chromatogram for ATV (upper) and IS (in the middle) and ATV-Lactone (down) 




MRM for ATV in Zero of CC 
MRM for IS in Zero of CC 
MRM for ATV in Zero (of tissue) 
MRM for IS in Zero (of tissue) 
MRM for ATV-Lactone in Zero (of tissue) 
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         Figure 30: MRM chromatogram for ATV (upper) and IS (in the middle) and ATV-Lactone (down) 




        Figure 31: MRM chromatogram for ATV (upper) and IS (in the middle) and ATV-Lactone (down) 
from analysis of QC (10 ng/mL) in tissue analysis 
For each compound (ATV, ATV-lactone and IS), the peaks are predictable and expected: in 
the blank, there is no signal for the respective retention times; in zero there is only signal for the 
IS, once the drug is free and, finally, in the 10 ng/mL concentration both peaks (IS and compounds) 
are clearly visible and defined. 
5.14. Linearity from QQQ Quantitative Analysis for tissue samples 
The linear regression curves were fitted to the concentration ranges of 0.25-250 ng/mL for 
ATV and its metabolites in human plasma. The mean equations of the calibration curves 
generated for each analyte were as follows: 
MRM for ATV-Lactone in Zero of CC 
MRM for ATV in QC (10 ng/mL) 
MRM for IS in QC (10 ng/mL) 





          Figure 32: Calibration curve for ATV for tissue samples 
The calibration curve and respectively r2 obtained were: 




          Figure 33: Calibration curve for ATV-Lactone for tissue samples 
The calibration curve and respectively r2 obtained were: 
y= 0.130270*x + 0.011431 
R2= 0.9742 
The green squares are representing the internal standard which response is relatively constant 
for all the concentrations. 
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The calibration curves obtained from analyte/IS peak area vs. nominal concentration were 
linear using weighted (1/x) linear regression over the concentration range, with correlation 
coefficients (R2)≥0.8997. 
The following table shows the results of the ratio of ATV and ATV-Lactone in tissue/plasma 































A B C D E F G H I J K 
E-003 56,2 562 0 0 0 0 0,3147 0,4438 0 0 
E-005 67,3 673 0,1024 0,0216 1,1264 0,2376 0,2528 0,2930 4,455696 0,810922 
E-008 28,3 283 0 0,1997 0 2,1967 0,3840 0,2531 0 8,679178 
E-013 93,6 936 0,0451 0 0,4961 0 110,3325 48,8222 0,004496 0 
E-017 49,3 493 0 0,0041 0 0,0451 0,7637 0,6801 0 0,066314 
E-018 89,9 899 0 0,0099 0 0,1089 0,6862 0,8640 0 0,126042 
E-022 31,3 313 0 0,0556 0 0,6116 36,6123 32,4678 0 0,018837 
E-026 51,3 513 0 0,0261 0 0,2871 0,6805 0,7792 0 0,368455 
E-029 33,4 334 0 0,0858 0 0,9438 0,7955 1,2213 0 0,772783 
E-031 30 300 0 0,0800 0 0,88 20,5164 19,5384 0 0,04504 
E-033 71,2 712 0 0,0119 0 0,1309 1,4935 2,0500 0 0,063854 
E-035 53,5 535 0 0,0231 0 0,2541 1,7109 1,7394 0 0,146085 
E-038 15,2 152 0 0,0068 0 0,0748 1,8387 3,7403 0 0,019998 
E-040 15,6 156 0 0,0385 0 0,4235 8,0257 13,4316 0 0,03153 
E-041 187,7 1877 0,2897 0,2547 3,1867 2,8017 0,4698 0,7100 6,783099 3,946056 
E-042 15,6 156 0,3424 0,3140 3,7664 3,454 0,8251 0,7323 4,56478 4,716646 
E-051 64,9 649 0,5005 0,3439 5,5055 3,7829 4,9812 4,2273 1,105256 0,894874 
E-054 15,8 158 2,1088 0,4065 23,1968 4,4715 0,9467 1,0360 24,5028 4,31612 
E-055 60 600 0,6562 0,5288 7,2182 5,8168 0,8634 0,9435 8,360204 6,16513 
E-058 57 570 0,0518 0,0151 0,5698 0,1661 1,5041 1,4810 0,378831 0,112154 
E-061 18,2 182 0 0,0347 0 0,3817 0,7065 1,0858 0 0,351538 
E-064 32,1 321 1,3499 0,4450 14,8489 4,895 48,7692 14,3550 0,304473 0,340996 
E-066 5,9 59 0 0,0373 0 0,4103 1,0515 1,1803 0 0,347623 
E-068 168,2 1682 0 0,0451 0 0,4961 46,7151 60,2850 0 0,008229 
E-074 16,1 161 0 0,0316 0 0,3476 131,5541 125,5866 0 0,002768 
E-077 270,3 2703 0,2090 0,3224 2,299 3,5464 19,4239 37,7836 0,118359 0,093861 
E-091 80,1 801 0 0,0574 0 0,6314 1,0365 1,2030 0 0,524855 
E-096 8,2 82 0,0552 0 0,6072 0 37,8954 30,6213 0,016023 0 
E-097 257,8 2578 0,2796 0,4531 3,0756 4,9841 19,4149 22,5591 0,158414 0,220935 
E-098 81,9 819 1,8497 0,7326 20,3467 8,0586 28,0275 13,5945 0,725955 0,592784 
E-102 150,4 1504 1,4741 1,6570 16,2151 18,227 0,6943 0,7522 23,3546 24,23159 
E-104 20 200 0 0,0638 0 0,7018 0,1551 0,2993 0 2,344805 
E-105 15,3 153 0 0,0502 0 0,5522 0,2432 0,4119 0 1,340617 
E-108 20,1 201 0,2183 0,3413 2,4013 3,7543 12,3312 13,2555 0,194734 0,283226 
E-109 21,8 218 0,9280 0,1346 10,208 1,4806 3,0786 2,3662 3,315793 0,625729 
E-111* 22,6 226 0,2039 0,4692 2,2429 5,1612 68,5521 73,6137 0,032718 0,070112 
E-114 101,2 1012 1,8512 1,3813 20,3632 15,1943 0,5466 0,3175 37,2543 47,85606 
E-115 225,6 2256 2,2827 1,9015 25,1097 20,9165 110,9934 34,8018 0,226227 0,601018 
E-120 75,3 753 1,0026 1,0095 11,0286 11,1045 9,6380 11,7744 1,144283 0,943105 
E-124 92,3 923 0,0185 0,0105 0,2035 0,1155 0,3822 0,3333 0,532444 0,346535 
E-125 38,5 385 2,0452 1,0228 22,4972 11,2508 0,7723 0,7150 29,13013 15,73538 
E-126* 24,9 249 20,5115 11,8617 225,626 130,478 104,1626 53,3765 2,166099 2,444497 
E-130 44,4 444 1,1643 0,8622 12,8073 9,4842 1,6532 1,6241 7,746976 5,839665 
E-132 72,3 723 2,4848 0,7936 27,3328 8,7296 65,0111 19,1863 0,420433 0,454991 
E-133 57,7 577 0 0 0 0 0,6315 0,3972 0 0 
E-135 20,6 206 0,7005 0,1944 7,7055 2,1384 72,9233 32,1777 0,105666 0,066456 
E-142 23,9 239 0,2966 0,0286 3,2626 0,3146 2,3643 1,3789 1,379943 0,228153 
E-145 5,1 51 0 0 0 0 2,4404 2,2428  0 0 
E-148 67,1 671 0,0039 0,0483 0,0429 0,5313 0,2006 0,2651  0,213858 2,004149 
E-150 34,4 344 0,8703 0,6004 9,5733 6,6044 50,5504 34,6394 0,189381 0,190662 
E-159 31,4 314 0,3958 0,1830 4,3538 2,013 1,7464 2,0593 2,493014 0,977517 




E-164 90,1 901 0,2316 0,2535 2,5476 2,7885 21,9973 26,7933 0,115814 0,104075 






E-166 92,6 926 1,9284 1,5435 21,2124 16,9785 0,6046 0,6753 35,08501 25,14216 
E-170 85,6 856 1,1055 0,8756 12,1605 9,6316 0,8191 1,1437 14,84617 8,421439 
E-172 50 500 0,3112 0,3021 3,4232 3,3231 22,7194 23,9788 0,150673 0,138585 
Table 17: Results to calculate the ratio of ATV and ATV-Lactone in tissue/plasma 
         A- Samples name; B- Weight (mg); C- Volume added of NaCL (L) 0,9%; D- 
Homogenate concentration (ng/mL) of ATV; E- Homogenate concentration (ng/mL) of ATV-
lactone; F- Tissue concentration (ng/mL) of ATV; G- Tissue concentration (ng/mL) of ATV-
lactone; H- Plasma concentration (ng/mL) of ATV; I- Plasma concentration (ng/mL) of ATV-
lactone; J- Ratio Tissue concentration/plasma concentration of ATV; K- Ratio Tissue 
concentration/plasma concentration of ATV-lactone; 
(*) and red, means the peak area of the internal standard is low, as showed in figure 34.  
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Figure 34: MRM chromatogram of IS in the samples E111, E126 and E165 
 
In the tissue, ATV concentration is found with more difficulty, being zero in some samples. 
Otherwise, ATV-lactone concentration is easier to detect and therefore with better results. The 
concentration of both (ATV and ATV-Lactone) seems to be in some cases/samples greater in 












It was reported in several studies that atorvastatin inhibited cancer growth and induced 
cancer cell death, decreasing endogenous levels of cholesterol that may aid the prevention of 
heart disease and atherosclerosis, conditions which potentially lead to heart attack, stroke 
and/or vascular diseases.   
The proposed validated bioanalytical technique accomplishes the required selectivity, 
sensitivity, accuracy to be applied to studies involving pharmacokinetics, drug metabolism, 
clinical pharmacology and bioavailability for accurate quantitative analysis of ATV and its 
metabolite (ATV-lactone) in prostate tissue. 
The major advantages of the present method, as compared with previous reports are 100 
L plasma volume, dilution integrity up to fold of the homogenate with 90% of NaCl. 
The ability to mix and change isocratic mobile phase composition in-line gives the user 
flexibility to quickly optimize the separation and obtain the required resolution for analytes of 
interest. The use of in-line mixing also enables the use of gradient elution methods – giving 
rise the advantages already established. 
Our main conclusion is that ATV levels in tissue can be higher than in plasma. However 
further studies are still required to investigate the relation between ATV and prostate cancer 
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Figure 1- HPLC scheme 
1: The mobile phase composition (usually water and an organic solvent plus other additives) 
needs to be optimized in order to gain good separation.  
2: Degassers are often used to remove air from the mobile phase, leading to better 
chromatographic baselines.  
3: The detector conditions are chosen to give the best response to the analytes of interest and 
to achieve good sensitivity.  
4: The column dimensions and stationary phase chemistry are chosen and optimized to give 
separations of the quality required.  
5: The autosampler introduces a plug of sample into the mobile phase flow which is then swept 
onto the column.  
6: Dual reciprocating pumps are used to deliver the mobile phase at back pressures of up to 
400 bar. A steady stream of liquid delivered at a constant flow rate is important. 
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    Figure 2. The Main Modes of Liquid Chromatography 
 
For ATV: 
Average of peak area of methanol: 5000.8 (Set A) 
Average of peak area of plasma: 4736.4 (Set B1) 
Average of peak area of tissue: 3693.5 (Set B2) 








 x 100 = 81.4% 
Matrix effect for plasma=
4736.4
5000.8
 x 100 = 94.71% 
Matrix effect for tissue=
3693.5
5000.8
 x 100 = 73.86% 
For ATV-Lactone: 
Average of peak area of methanol: 8604.4 (Set A) 
Average of peak area of plasma: 6931.9 (Set B1) 
Average of peak area of tissue: 6443.9 (Set B2) 








 x 100 = 101.5% 
Matrix effect for plasma=
6931.9 
8604.4 
 x 100 = 80.6% 
Matrix effect for tissue=
6443.9
8604.4
 x 100 = 74.9% 
For ATV-OH: 
Average of peak area of methanol: 1042 (Set A) 
Average of peak area of plasma: 1024.2 (Set B1) 
Average of peak area of tissue: 743.2 (Set B2) 








 x 100 = 76% 
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Matrix effect for plasma=
1024.2
1042
 x 100 = 98.3% 
Matrix effect for tissue=
743.2
1042









Figure 3. Specific areas of each compound obtained from the Agilent MassHunter 








Figure 4. Specific areas of each compound, obtained from the Agilent MassHunter Quantitative 
Analysis (for QQQ) in tissue samples 
 
 
 
 
 
 
